INTRODUCTION
============

Myocardial bridging (MB) is a congenital anomaly in which a bridge of the myocardium covers a segment of the coronary artery. It occurs mostly in the mid-portion of the left anterior descending (LAD) coronary artery ([@B1]). It has been widely accepted that functional MB linked to dynamic compression is associated with ischemic heart disease, arrhythmia, and sudden cardiac death, which suggests the clinical diagnostic importance of this anomaly ([@B2][@B3][@B4][@B5]).

On invasive coronary angiography (ICA), investigators observed that the extent of systolic narrowing of mural coronary artery was associated with potentially inducible myocardial ischemia ([@B1]). Gawor et al. ([@B6]) reported a significant correlation between summed stress score of nuclear myocardial perfusion imaging and a degree of systolic narrowing of MB. All perfusion abnormalities (12 of 42 patients) were found in the segments with \> 50% systolic compression. Lee et al. ([@B7]) showed a higher incidence of perfusion defect (10 of 14 patients) induced by significant systolic compression of MB in Thallium-201 single photon emission computed tomography with dipyridamole stress. Defects were seen in patients with \> 75% systolic narrowing. Coronary computed tomography angiography (CCTA) has been introduced as a useful imaging modality for patients with MB ([@B8]). However, direct detection of systolic stenosis by CCTA is difficult, due to a limited cardiac phase from the prospective electrocardiography (ECG)-gated acquisition ([@B9]). Even with a retrospective scan protocol, dose modulation leads to impaired image quality in the systolic phase ([@B10][@B11]). Recently, it has been recognized that dynamic compression is not only related to systolic phase, but also persists into mid-to-late diastole ([@B12]). The attenuation gradient in normal coronary arteries was initially known as contrast opacification gradients before the more generally accepted term--'transluminal attenuation gradient (TAG)' ([@B13]). Based on previous findings, TAG is defined as the transluminal opacification gradient of proximal to distal vessels in computed tomography. It exhibits linear correlation with the extent of intracoronary transluminal stenosis ([@B14]).

In this study, we hypothesize that TAG changes within the tunneled artery in diastole may indirectly predict systolic compression and help to differentiate MBs inducing myocardial ischemia in the systolic phase. Accordingly, the purpose of this study was to assess the clinical importance of the TAG sign in patients diagnosed with MB based on CCTA findings.

MATERIALS AND METHODS
=====================

Patient Population
------------------

Institutional Review Board approval was obtained for this retrospective study, and informed consent was waived. Between September 2014 and March 2015, consecutive patients with chest discomfort and suspected for coronary artery disease were referred for CCTA and retrospectively reviewed. All patients without obstructive coronary artery disease but with CCTA-confirmed MBs were included in the study. All included patients underwent retrospective ECG-gated CTA. The exclusion criteria were as follows: 1) patients whose CCTA images showed impaired quality either in the diastolic or systolic phase; 2) those with prospective ECG-triggered CTA; 3) those with a previous history of attempted coronary revascularization of target lesions (percutaneous coronary intervention or bypass surgery); 4) those with severely calcified target lesions (cross-sectional arc calcium, \> 180°), in whom such lesions cannot be accurately evaluated; and 5) concomitant obstructive coronary artery disease (defined as diameter stenosis ≥ 50% diagnosed by CTA which might also cause the alteration of lumen attenuation) of the target vessel (MB vessel).

Imaging Protocol of CCTA
------------------------

A 128-slice single source multidetector CT (Definition AS, Siemens Medical Solutions, Forchheim, Germany) was used for scanning. Patients with a pre-scan heart rate \> 65 bpm were orally administered 25--75 mg of a β-blocker (Betaloc ZOK, AstraZeneca, Shanghai, China) 1 hour prior to the scan. Sublingual nitroglycerin was given to all patients. A bolus of contrast media such as iopamidol 370 mg iodine/mL (Isovist; Bayer Healthcare, Berlin, Germany) was injected into the antecubital vein at the rate of 4.5--5.0 mL/s, followed by injection of a 20--40 mL saline flush, using a dual-barrel power injector (Tyco-Mallinckrodt, Cincinnati, OH, USA). The amount of contrast media was determined based on the patient\'s body weight and the scanning time. A test bolus was first injected, and the region of interest was placed within the ascending aorta to determine the accurate delay time, which was defined as 4 seconds plus the peak time of ascending aorta. Retrospective ECG-gated CTA was performed from cranially to caudally with 128 sections, with a section thickness of 0.6 mm and a rotation time of 300 ms. The pitch varied between 0.2 and 0.5 depending on the heart rate and patient size. The tube current was automatically adjusted in each patient based on body habitus by an automatic exposure control system (CareDose 4D, Siemens Medical Solutions) and electrocardiographically modified (an electrocardiographically-dependent dose modulation technique was applied with a full dose during the R-R interval of 40--70%). The tube voltage was also automatically determined from 80 kVp to 120 kVp based on body habitus by an automatic exposure control system. The images were reconstructed with a slice thickness of 0.6 mm, a reconstruction increment of 0.5 mm using a medium soft-tissue convolution kernel (B26F), and reconstructed matrix size of 512 × 512.

Imaging Reconstruction and Analysis
-----------------------------------

Data were transferred to an offline workstation (Syngo. via, Siemens Medical Solutions) for further analysis. Axial, cross-sectional, curved planar reformation (CPR), multiplanar reformation, and three-dimensional maximum intensity projection images were generated.

Myocardial bridging was diagnosed when part of a coronary artery was completely surrounded by the myocardium without the intervening fat ([@B15]). All parameters were measured during the diastolic phase with best image quality and least artifact as follows.

### Intracoronary Transluminal Attenuation Gradient

Cross-sectional images perpendicular to the centerline were reconstructed for each target vessel. The TAG in Hounsfield units (HU) was measured manually at 5-mm intervals on CPR images, from the ostium to the distal level where the lumen area was \< 2 mm^2^. The attenuation gradient was determined by the change in HU per 10-mm length of the coronary artery, and defined as the linear regression coefficient between intraluminal attenuation in HU and length from the vessel ostium in mm, as previously introduced by Choi et al. ([@B14]).

### MB Length

The length of the MB was defined as the distance of the tunneled artery from the entrance to the exit beneath the bridging on the CPR images.

### MB Depth

The thickness of the MB was defined as the thickness of the deepest part from the surface of the covering myocardial tissue to the tunneled segment, on the cross-sectional images.

The image quality was assessed by using a 3-point semi-quantitative scale: 3 = excellent (absence of artifact), 2 = acceptable (presence of mild artifact, but still diagnostic), 1 = poor (presence of severe artifact, non-diagnostic). Only patients with image quality of grade 3 were included for further analysis. The extent of systolic compression was defined as the percentage of diameter loss at the end-systolic phase compared to the end-diastolic phase on cross-sectional images. Based on the extent of lumen narrowing at the systolic phase on CCTA, MB patients were classified into three types: without systolic compression and no luminal stenosis, with \< 50% systolic compression, and with systolic compression and thus, ≥ 50% luminal stenosis. The mean cardiac phase for measurement of TAG was 71.4 ± 2.3% of R-R interval (median 70% of R-R interval, 25--75% percentile: 70--75% of R-R interval); whereas, the mean end-systolic and end-diastolic phase used for determining the extent of systolic compression were 31.7 ± 3.8% of R-R interval and 2.9 ± 4.5% of R-R interval, respectively. Two experienced radiologists independently analyzed the lesions; and any disagreement was resolved by consensus.

Statistical Analysis
--------------------

Statistical analysis was performed using the commercially available statistical software (SPSS, version 13.0, SPSS Inc., Chicago, IL, USA; MedCalc Statistical Software version 15.2.2, MedCalc Software bvba, Ostend, Belgium). Quantitative variables were expressed as mean ± standard deviation. One-way analysis of variance was used for normally distributed data; whereas, Mann-Whitney U test was used for data that were not normally distributed. TAG was determined as a linear regression coefficient from the coronary ostium to the most distally measured value per 10-mm. Receiver operating characteristic (ROC) curve analysis was used to determine the optimal cutoffs for continuous variables. Bland-Altman analysis as well as Cohen\'s kappa analysis was performed in 40 randomly selected lesions to determine the inter-rater agreement. A *p* value \< 0.05 was considered statistically significant.

RESULTS
=======

Clinical Characteristics
------------------------

Four hundred and seventy-three patients with retrospective ECG-gated CTA and at least one MB were initially eligible for inclusion. Two hundred and sixteen patients whose CCTA images showed impaired quality either in the diastolic or systolic phase were excluded; whereas, 77 patients with a previous history of attempted coronary revascularization of target were also excluded. Sixty-three patients with severely calcified target lesions (cross-sectional arc calcium, \> 180°) and 117 patients with concomitant obstructive coronary artery disease on the target MB vessel were further excluded. In total, 143 patients {67 male patients (mean age 57.4 ± 14.6 \[range, 22--91\] years), 76 female patients (mean age 62.9 ± 9.1 \[range, 37--85\] years)} with a mean age of 60.1 ± 12.3 (range, 22--91) years, with 144 MBs, were included in the study. The dose-length product of CCTA was 562.3 ± 95.4 mGy\*cm, and the mean effective dose was 7.87 ± 1.34 (range, 5.2--10.6) mSv. The mean heart rate during CT acquisition was 66.3 ± 3.8 (range, 51--82) bpm. Detailed demographic data are shown in [Table 1](#T1){ref-type="table"}.

Characteristics of CCTA Findings
--------------------------------

A total of 144 MBs were detected on CCTA in 143 patients, which occurred almost exclusively in the LAD artery, followed by the right coronary artery, and the ramus intermedius ([Table 1](#T1){ref-type="table"}). Among these, CCTA revealed 42 lesions without systolic compression, 41 with systolic compression \< 50%, and 61 with systolic compression ≥ 50% ([Table 2](#T2){ref-type="table"}). The Bland-Altman analysis showed a mean difference of TAG measured by two raters of -5.4 HU/10 mm ([Fig. 1](#F1){ref-type="fig"}). The correlation coefficient for the measurement of TAG between the two raters was 0.718 (*p* \< 0.001).

Comparison of Parameters in All Groups
--------------------------------------

The comparison of TAG, and length and depth of MB among the three groups (MB without dynamic compression, MB with systolic compression \< 50%, and MB with systolic compression ≥ 50%) is shown in [Table 2](#T2){ref-type="table"}. The mean TAG value was the lowest in patients with MB with systolic compression ≥ 50% (-19.9 ± 8.7 HU/10 mm) ([Fig. 2](#F2){ref-type="fig"}), slightly higher in patients with MB with systolic compression \< 50% (-14.0 ± 4.8 HU/10 mm), and the highest in patients with MB without systolic compression (-9.6 ± 6.2 HU/10 mm) ([Fig. 3](#F3){ref-type="fig"}). Conversely, patients with MB with systolic compression ≥ 50% showed greater lesion-length than the patients in the other two groups; and the lesion-length was the shortest in patients with MB without systolic compression. Similarly, bridge thickness was the greatest in patients with MB with systolic compression ≥ 50%; whereas, it was the lowest in patients with MB without systolic compression. The three indices showed significant differences between the groups. In addition, persistent diastolic compression (compression extent was \< 50% in all cases) was also noted in 42 (29.2%, 42/144) MB cases. The TAG of MB with diastolic compression was significantly lower than the TAG of MB without diastolic compression (-21.4 ± 4.8 HU/10 mm vs. -12.7 ± 8 HU/10 mm, *p* \< 0.001). In all lesions with persistent diastolic compression, 38.1% (16/42) were associated with systolic compression \< 50%; whereas, 61.9% (26/42) were associated with systolic compression ≥ 50%.

Diagnostic Performance of CCTA
------------------------------

Receiver operating characteristic curve analysis was performed to determine the optimal cutoff values for identifying systolic compression ≥ 50%. As summarized in [Table 3](#T3){ref-type="table"}, TAG showed the largest area under the curve, followed by the length and depth of MB ([Fig. 4](#F4){ref-type="fig"}). The best cutoff values were estimated as -18.8 HU/10 mm, 24.6 mm, and 1.5 mm, respectively. At a cutoff value of ≤ 18.8 HU/10 mm as the criterion, TAG yielded higher sensitivity, specificity, positive predictive value, negative predictive value, and diagnostic accuracy than the other two parameters ([Table 4](#T4){ref-type="table"}).

DISCUSSION
==========

The main finding of our study was that systolic compression could be ruled out based on the intracoronary TAG derived from the diastolic phase. In addition, with the optimal cutoff value (≤ -18.8 HU/10 mm) as a criterion, the MB with systolic compression ≥ 50% could be differentiated from those with mild systolic compressions.

Myocardial bridging is an incidental finding associated with an excellent five-year survival rate of 97% ([@B16]); however, emerging evidence suggests that MBs are associated with myocardial ischemia and infarction, which are related with direct compression, especially at the systolic phase ([@B2][@B3][@B4][@B5]). The degree of systolic compression may substantially affect further therapeutic strategy and outcome ([@B17]). Therefore, the diagnosis of dynamic compression is of clinical importance.

Previously reported findings on the morphological features that predict dynamic compression are controversial, due to variations in the anatomical properties such as the length and thickness of MB among the studies ([@B10][@B15][@B18]).

Although CCTA is well recognized as a useful imaging modality in the diagnosis of various cardiac diseases ([@B19]), the functional evaluation by CT mainly focuses on the hemodynamic assessment of atherosclerotic coronary diseases ([@B20]). In this study, we examined TAG non-invasively derived from CCTA as an additional parameter that may help to determine the systolic compression measured during the diastolic phase. The result indicated that TAG showed the highest specificity, positive predictive value, negative predictive value, and diagnostic accuracy. There are two underlying mechanisms that might contribute to our findings. The first is diastolic filling dysfunction. Previous studies revealed that systolic vessel compression by MB sustains until mid-to-late diastole, which induces hemodynamic disturbance and filling dysfunction in both, the systolic and diastolic phases ([@B12][@B21]). The second mechanism is downstream-flow limitation resulting from the constriction of the proximal vessel and blood-flow filling dysfunction by the myocardial compression ([@B22]). Thus, TAG may gradually decrease from the proximal to the distal length of the coronary artery.

Transluminal attenuation gradient showed high specificity (90.4%) for identifying significant dynamic compression with a cutoff value of -18.8 HU/10 mm, however, the sensitivity (54.1%) was low. In addition, the negative predictive value (72.8%) was lower than the positive predictive value (80.5%). Thus, this phenomenon could be attributed to the diastolic blood-flow filling. For this small subgroup of patients, diastolic blood-flow filling dysfunction induced by systolic constriction was not obvious. Therefore, MB with moderate or severe compression could show a higher TAG value than expected. In addition, TAG is a parameter with functional significance; whereas, dynamic compression is an anatomic feature. Previous studies have indicated that the extent of MB compression does not necessarily correlate with inducible myocardial ischemia ([@B23]), which could partly explain the lower sensitivity value compared to specificity. Furthermore, the potential clinical value of TAG for the assessment of MB lies in the exclusion of significant compression with high specificity, since myocardial perfusion defect was not noted in MB with systolic compression \< 50% ([@B24]).

Additionally, the clinical value of TAG derived from diastolic phase can be translated into the further application of this novel parameter in patients scanned in the prospective acquisition mode. Traditionally, assessment of the extent of compression by CCTA requires high-spatial resolution images in both systolic and diastolic phases ([@B10]), which are available only in retrospective ECG-gated acquisition with increased radiation dose ([@B9][@B11][@B25]). Based on our current findings, prospective acquisition with single cardiac phase and low radiation dose is a potential method for non-invasive prediction of significant compression of MB with TAG alteration.

The major limitation of our study was that the functional tests such as myocardial perfusion imaging or fractional flow reserve (FFR) ([@B26]) were not applied as a routine investigation for evaluation of MBs. Therefore, we were unable to validate the TAG value for identifying the hemodynamic significance of MB. It is commonly accepted that the stenotic extent sometimes mismatches the findings from myocardial perfusion imaging or FFR ([@B26]). The 50% systolic compression does not necessarily lead to myocardial ischemia and is responsible for the chest discomfort. Thus, the clinical relevance of TAG should be carefully interpreted before confirmation by other functional tests. Second, the use of 128-detector CT TAG depends on the time-density curve of the transluminal contrast agent and scanning time. A wider detector row scanner or dual-source CT system enables single-beat imaging of the entire coronary artery. Thus, further large-sample studies employing CCTA and ICA are needed to confirm the diagnostic accuracy of our findings. Third, the compression extent was determined at the end-systolic and end-diastolic phases, in which the image quality was compromised due to the application of dose modulation technique (full dose during 40--70% of R-R interval). Therefore, accurate assessment of the exact compression extent was not feasible on CCTA. In addition, the tube voltage and current varied between the patients due to body habitus. Thus, heterogeneous tube settings might also affect the measurement results of TAG. Finally, a recent study revealed that the intraluminal attenuation of coronary vessels gradually decreased along with a decrease in diameter ([@B27]). Therefore, further studies are required to test the value of TAG for prediction of systolic compression of MB based on vessel caliber.

In conclusion, TAG derived from the diastolic phase could exclude systolic compression of MB. In addition, with the cutoff value of -18.8 HU/10 mm, TAG was a superior predictor of MB with systolic compression ≥ 50%, as compared with the length and depth of MB. The TAG of MB with persistent diastolic compression was significantly lower than the TAG without diastolic compression.

![Bland-Altman analysis plot comparing observer 1 and observer 2 for measurement of TAG in 40 randomly selected cases.\
Mean difference of TAG measured by two raters was -5.4 HU/10 mm. HU = Hounsfield units, SD = standard deviation, TAG = transluminal attenuation gradient](kjr-18-655-g001){#F1}

![Representative case of MB with dynamic compression.\
**A.** CPR image of end-systolic phase (35% of R-R interval) showed presence of MB at middle LAD with significant compression (white arrows). **B.** CPR image of mid-diastolic phase (70% of R-R interval) showed presence of MB at middle LAD (white arrows). MB depth and length were 2.2 and 27.4 mm, respectively. **C.** CPR image of end-diastolic phase (5% of R-R interval) showed presence of MB at middle LAD (white arrows) with persistent compression. **D.** VR image confirmed overlay of myocardium at middle LAD (black arrows). **E.** TAG of MB vessel was -30 HU/10 mm. CPR = curved planar reformation, HU = Hounsfield units, LAD = left anterior descending, MB = myocardial bridge, TAG = transluminal attenuation gradient, VR = volume rendering](kjr-18-655-g002){#F2}

![Representative case of MB with dynamic compression.\
**A.** CPR image of end-systolic phase (35% of R-R interval) showed presence of MB at middle LAD without compression (white arrows). **B.** CPR image of mid-diastolic phase (70% of R-R interval) showed presence of MB at middle LAD (white arrows). MB depth and length were measured as 1.3 and 15.8 mm, respectively. **C.** CPR image of end-diastolic phase (5% of R-R interval) showed presence of MB at middle LAD (white arrows). **D.** VR image confirmed overlay of myocardium at middle LAD (black arrows). **D.** TAG of MB vessel was -6.14 HU/10 mm. CPR = curved planar reformation, HU = Hounsfield units, LAD = left anterior descending, MB = myocardial bridge, TAG = transluminal attenuation gradient, VR = volume rendering](kjr-18-655-g003){#F3}

![ROC curve analysis of CCTA-derived parameters for identifying MB with systolic compression ≥ 50%.\
TAG showed largest AUC and best diagnostic performance compared with MB depth and MB length (TAG vs. depth, *p* = 0.01; TAG vs. length, *p* = 0.057; length vs. depth, *p* = 0.475). AUC = area under curve, CCTA = coronary computed tomography angiography, CI = confidence interval, MB = myocardial bridge, ROC = receiver operating characteristic, TAG = transluminal attenuation gradient](kjr-18-655-g004){#F4}

###### Clinical Characteristics

![](kjr-18-655-i001)

  Characteristic                     
  ---------------------------------- ----------------------
  Number of patients                 143
  Number of lesions                  144
  Age (years)                        60.1 ± 12.3 (22--91)
  Male (%)                           67 (46.9)
  Lesion location (%)                
   Left anterior descending branch   139 (96.5)
   Right coronary artery             3 (2.1)
   Ramus intermedius                 2 (1.4)

###### Lesion Characteristics of CCTA Parameters between Three Groups

![](kjr-18-655-i002)

  ---------------------------------------------------------------------------------------------------------------------------------
                   All Lesions (n = 144)   Compression Absent (n = 42)   Compression \< 50% (n = 41)   Compression ≥ 50% (n = 61)
  ---------------- ----------------------- ----------------------------- ----------------------------- ----------------------------
  TAG (HU/10 mm)   -15.2 ± 8.2             -9.6 ± 6.2\                   -14.0 ± 4.8\                  -19.9 ± 8.7\
                                           *p* \< 0.001^\*^              *p* \< 0.001^†^               *p* \< 0.001^‡^

  MB length (mm)   21.9 ± 10.6             17.6 ± 6.2\                   21.4 ± 10.8\                  25.3 ± 11.7\
                                           *p* = 0.049^\*^               *p* = 0.089^\*^               *p* \< 0.001^\*^

  MB depth (mm)    1.57 ± 1.1              1.32 ± 1.07\                  1.46 ± 0.90\                  1.81 ± 1.12\
                                           *p* = 0.521^\*^               *p* = 0.102^\*^               *p* = 0.028^\*^
  ---------------------------------------------------------------------------------------------------------------------------------

^\*^Comparison between compression-absent group and compression \< 50% group, ^†^Comparison between compression \< 50% group and compression ≥ 50% group, ^‡^Comparison between compression-absent group and compression ≥ 50% group. CCTA = coronary computed tomography angiography, HU = Hounsfield units, MB = myocardial bridge, TAG = transluminal attenuation gradient

###### ROC Curve Analysis of Variables that were Significant at Univariate Analysis

![](kjr-18-655-i003)

              AUC     95% Confidence Interval   Best Cutoff      *P*
  ----------- ------- ------------------------- ---------------- ----------
  TAG         0.778   0.702--0.843              -18.8 HU/10 mm   \< 0.001
  MB length   0.663   0.579--0.739              24.6 mm          \< 0.001
  MB depth    0.620   0.535--0.699              1.5 mm           0.012

AUC = area under curve, HU = Hounsfield units, MB = myocardial bridge, ROC = receiver operating characteristic, TAG = transluminal attenuation gradient

###### Diagnostic Performance of CCTA for Indicating Significant Systolic Compression

![](kjr-18-655-i004)

                               Sensitivity, % (95% CI)   Specificity, % (95% CI)   Positive Predictive Value, % (95% CI)   Negative Predictive Value, % (95% CI)   Diagnostic Accuracy, % (95% CI)
  ---------------------------- ------------------------- ------------------------- --------------------------------------- --------------------------------------- ---------------------------------
  TAG of MB ≤ -18.8 HU/10 mm   54.1 (40.9--66.9)         90.4 (81.9--95.8)         80.5 (65.1--91.2)                       72.8 (63.1--81.1)                       75.0 (67.9--82.1)
  MB length \> 24.6 mm         50.8 (37.7--63.9)         81.9 (72.0--89.5)         67.4 (52.0--80.5)                       69.4 (59.3--78.3)                       68.8 (61.2--76.4)
  MB depth \> 1.5 mm           52.5 (39.3--65.4)         66.3 (55.1--75.3)         53.3 (40.0--66.3)                       65.5 (54.3--75.5)                       60.4 (52.4--68.4)

CCTA = coronary computed tomography angiography, CI = confidence interval, HU = Hounsfield units, MB = myocardial bridge, TAG = transluminal attenuation gradient

[^1]: ^\*^These authors contributed equally to this work.
